ABSTRACT A relatively simple kinetic model is proposed to account simultaneously for data on the binding of carbamyl phosphate and succinate to aspartate transcarbamylase (ATCase), and for the relaxation spectrum associated with this binding. The model also accounts for measurements of the initial velocity of the reaction of ATCase with respect to aspartate and carbamyl phosphate. The principal assumption made is that ATCase consists of three identical noninteracting cooperative dimers. Ordered binding and both sequential and concerted conformational changes in the dimers are needed to account for the properties of ATCase. The values of the parameters of this model can be determined by fitting to existing experimental evidence. Various new quantitative predictions are made that can serve as additional tests of the proposed theory.
INTRODUCTION
The enzyme aspartate transcarbamylase (ATCase) has been the subject of extensive investigation aimed at understanding the nature of regulatory proteins. ATCase catalyzes the reaction of carbamyl phosphate with aspartate to form carbamyl aspartate and inorganic phosphate, the first step unique to pyrimidine nucleotide biosynthesis. The overwhelming mass of experimental evidence about ATCase has been obtained using the enzyme produced by Escherichia coli. We shall review briefly the properties of this particular ATCase.
The classical initial velocity experiments of Gerhart and Pardee (1) demonstrated that the binding of aspartate to ATCase is cooperative. The authors also showed that the initial velocity of the reaction was decreased by CTP and increased by ATP, and that these nucleotides bind competitively to a special class of sites on the enzyme, distinct from the aspartate binding sites. These and subsequent studies have shown that ATCase is composed of two kinds of subunits (2), a catalytic subunit that is a trimer (3) (4) (5) (6) , denoted by C3, and a regulatory subunit (3, 6, 7) that is a dimer, denoted by R2. Each of the polypeptide chains of the C3 units contains an active or catalytic site. Each can bind one molecule of carbamyl phosphate or an analogue (e.g., phosphate) and one molecule of aspartate or an analogue (e.g., succinate) (5, 6) . The two polypeptide chains of the R2 units each have a nucleotide binding site (6, 8, 9 ) that can *In partial fulfillment of the Ph.D. degree at Cornell University, Graduate School of Medical Sciences, New York.
BIOPHYSICAL JOURNAL VOLUME 18 1977 interact with either CTP or ATP. Native ATCase consists of two C3 units and three R2 units and hence is often denoted as C6R6 (3) (4) (5) 7) . ATCase may be reconstituted from isolated C3 and R2, and such reconstituted enzyme is completely functional (2) . Studies utilizing crystallographic methods (10) and electron microscopy (1 1) reveal that in the native enzyme the two triangular C3 units are located above and below an equatorial belt of three R2 units. The R2 units connect pairs of catalytic polypeptides located on different C3 units. Thus, C3 units are connected to each other only via the R2 units.
Although very active catalytically, the isolated C3 unit does not possess the cooperative properties of the native enzyme. The binding of carbamyl phosphate and succinate to it displays hyperbolic saturation curves (5, 6, 1 1). Studies of the initial velocity of the reaction catalyzed by C3 have been interpreted in terms of an "ordered bi-bi" mechanism (12) (13) (14) (15) . Carbamyl phosphate must bind before aspartate, and carbamyl aspartate must dissociate before phosphate does. It has been shown that dicarboxylic acids, such as succinate, compete with aspartate, but also form inactive or "dead-end" complexes in which subsequent binding of carbamyl phosphate is blocked (15) . Several inorganic ions such as chloride and phosphate also compete with carbamyl phosphate (12, 15) .
Temperaturejump relaxation studies of carbamyl phosphate binding to C3 are consistent with a simple bimolecular binding mechanism (16) . In the presence of excess carbamyl phosphate, the relaxation spectrum indicates that the binding of succinate to the C3-carbamyl phosphate complex is followed by a conformational change (16) .
The complex of one catalytic trimer and three regulatory dimers (C3 R6) (17, 18 ) and of two catalytic trimers and two regulatory dimers (C6R4) (19) have been prepared. C3R6 is apparently very similar to C3; it displays no cooperative effects in binding with ligands, and is unaffected by nucleotides. C6R4, on the other hand, is significantly affected by nucleotides, and the initial velocity is a sigmoidal function of aspartate concentration when the concentration of carbamyl phosphate is large. Remarkably, however, both the sigmoidality and the nucleotide effects are reduced by approximately one-third compared to the native enzyme. The importance of intact R2 units for the cooperative behavior of ATCase is further illustrated by the mutant enzyme 2-thiouracil ATCase (20) . In this mutant, a discrete change in the R2 units causes the enzyme to respond to aspartate in normal Michaelis-Menten manner, although both the Vmax and Km determined from the response are markedly affected by CTP and ATP. As pointed out by Chan (18) and Markus et al. (21) , the properties of these modified forms of ATCase are consistent with the assumption that there is a basic unit of cooperativity in ATCase, called the "allosteric unit." This hypothetical unit consists of two catalytic sites, located on opposite C3 units, and the R2 unit that connects them. According to this concept, cooperative interactions between catalytic sites located on the same C3 unit are negligible.
Several studies have shown that the binding of both CTP and ATP to native ATCase is negatively cooperative (1 1, 22-24) . Furthermore, the binding of both these ligands is given by a second-order Adair function. Thus the data are consistent with the assumption that the nucleotide binding sites interact in independent pairs. Temperature jump relaxation studies of nucleotide binding (25) are also easily interpreted in terms of a negatively cooperative dimeric model (25) . These results support the hypothesis that the dimeric allosteric unit is the basic unit of cooperativity in ATCase.
Binding of succinate to ATCase in the presence of a high concentration of carbamyl phosphate (9) demonstrates marked positive cooperativity. As pointed out by Endrenyi et al. (26) , these data are in excellent agreement with a second-order Adair function, indicating that, as with the nucleotide binding sites, the aspartate binding sites interact in independent pairs.
Studies of the binding of carbamyl phosphate (27) show that only three active sites of ATCase can bind this ligand in the absence of succinate, and that the binding curve under these conditions is hyperbolic. In the presence of succinate, it was found that all six active sites become available for carbamyl phosphate binding.
Temperature jump studies of the binding of carbamyl phosphate and succinate to ATCase have detected two relaxation processes in the native enzyme that, in terms of duration and concentration dependence, are similar to the processes seen in C3 (28) . We shall refer to the associated relaxation times of these processes as "fast." One relaxation time was observed in the absence of succinate at various levels of carbamyl phosphate concentrations. The concentration dependence of the reciprocal relaxation time for this process indicates that the binding under these conditions is a bimolecular reaction. The second fast relaxation process was observed at 10 mM succinate at various carbamyl phosphate concentration levels. In this case the concentration dependence of the reciprocal relaxation time was consistent with a mechanism involving a bimolecular reaction followed by a conformational change. Neither of the fast relaxation processes was significantly affected by the presence of nucleotides.
Studies by Hammes and Wu (28, 29) have also detected relaxation processes in the native enzyme unlike anything seen in C3, and which are significantly affected by nucleotides. These authors concluded (30) that these relaxation times arise from distinct conformation changes that are "concerted," and important to the mechanism of regulation. Both of the relaxation times, unique to native enzyme, are considerably slower than those seen in C3, and we shall refer to these as "slow."
Many techniques, too numerous to mention, have been employed in the attempt to detect conformational changes in ATCase associated with ligand binding, and are discussed in several extensive reviews of the literature on ATCase (31) (32) (33) . These studies show that all the various ligands that can interact with ATCase bring about some kind of conformational change. The largest and most readily observable change is associated with succinate binding to ATCase in the presence of excess carbamyl phosphate (34) (35) (36) . This change, as measured by reactivity of the thiol groups of ATCase, and by the ATCase sedimentation coefficient, is not seen in isolated C3 and is markedly affected by nucleotides. A previous attempt to analyze data on the properties of ATCase quantitatively (37) used the model of Monod et al. (38) . Although this model has been very successful in accounting for nucleotide and succinate effects on certain qualitative measures of the conformational state of ATCase, it is unable to account satisfactorily either for the negative cooperative behavior of ATCase with respect to binding of ATP, CTP, and carbamyl phosphate (39) , or for the relaxation spectra of ATCase (28) (29) (30) , or for data concerning the effect of nucleotides on the rate of tryptic digestion of ATCase (21) , or for the properties of 2-thiouracil ATCase (20) .
In the next section we introduce a theoretical model of the kinetic behavior of the catalytic sites of ATCase, and explain the empirical basis for the assumptions that underlie it. The central conception of the model is that, in the absence of nucleotides, ATCase consists of three identical noninteracting cooperative subunits, as first proposed by Endrenyi et al. (26) . These subunits are structurally realized by the dimeric allosteric units of Chan (18) and Markus et al. (21) . The model represents the dimer in all the various liganded and conformationally changed states necessary to represent the binding studies of carbamyl phosphate (27) and succinate (9) to ATCase, the slow and fast relaxation processes observed in conjunction with these binding studies (28) , and the initial velocity studies of ATCase with respect to aspartate and carbamyl phosphate (19, 40, 41) . In principle, it also accounts for studies of the effect of succinate on the initial velocity of ATCase (14, 15) , although we do not apply the model to such studies here.' Next we derive the theoretical formulas based on the model that are needed to understand equilibrium studies of ligand binding to ATCase. Then we derive the equations governing relaxation phenomena, before applying the theory to ligand binding and relaxation data, and determining the parametric values of the theory needed to represent these data. In doing so, we have found it necessary to correct the succinate binding data of Changeux et al. (9) for the "excluded volume" effect of ATCase, which is not inconsiderable. This correction is explained in the Appendix.
Lastly the model is applied to the studies of the initial velocity of ATCase with respect to aspartate at different carbamyl phosphate concentrations (19, 40, 41 The justification for assumption a lies primarily in the fact that the binding isotherms of succinate, CTP, and ATP are all consistent with a second-order Adair equation, as discussed in the Introduction. Furthermore, the studies of carbamyl phosphate binding (27) are also readily interpreted in terms of a dimeric model if one assumes that within each dimer, the binding of the first molecule of carbamyl phosphate stfongly inhibits the binding of the second, and that this inhibition is released by succinate. Assumption a is the major theoretical conception of the model, and it results in a great simplification of the mathematical considerations, since it reduces the problem of analyzing a hexamer to the problem of analyzing a dimer.
From a structural viewpoint, we believe that the basic unit of cooperativity in ATCase consists of a set of two active sites located on opposite C3 subunits, connected by an R2 subunit. Such an arrangement of two catalytic sites together with their connecting R2 subunit is the allosteric unit of MarkUis et al. (21) . In other words, communication between catalytic sites on the same C3 unit does not take place, whereas communication between sites on opposite C3 units is necessary for cooperativity. This view is supported by the reports that C3 and C3R6 are noncooperative (17, 18) , and that in C6R4 the cooperativity is reduced by roughly one third (19) . HOwever, the structural arrangement of the active sites is, strictly speaking, not essential to the mathematical model we present. We believe that the changes brought about by nucleotide binding to one of the R2 units are also restricted to a single cooperative unit.
Assumption b is supported by the ordered binding mechanism deduced from the initial velocity studies of C3 (12) (13) (14) (15) , as well as by the negligible succinate binding to C6R6 or C3 in the absence of carbamyl phosphate, even if phosphate ion is present (9) .
Assumption c is based solely on the observation that only three enzymatic sites bind carbamyl phosphate when succinate is absent (27) .
Assumption d is made to accord with the observation that succinate must be present for the occurrence of complete saturation of the enzyme with carbamyl phosphate (27) , and with the many qualitative observations that binding of succinate to C6R6 is associated with a major conformational change only if carbamyl phosphate is present (34) (35) (36) .
Assumption e forms the basis for the interpretation of the relaxation spectrum of ATCase. It reflects our conviction that the major conformational change required by assumption d separates two slowly interconverting forms of the cooperative unit. We shall show that the slow relaxation times measured by Hammes and Wu, under conditions either of excess succinate and low carbamyl phosphate concentration (28) , or of excess carbamyl phosphate and low succinate concentration (29) , are interpretable as different aspects of this same process.
Assumption f is needed to account for the rapid relaxation process observed by Hammes and Wu when both carbamyl phosphate and succinate are present in large amounts (28) .
Assumption g is plausible because of the considerable kinetic evidence for the existence of similar dead-end complexes in C3 (15) . This assumption is needed to account for certain aspects of the carbamyl phosphate binding data and of the relaxation spectra, as we shall see when the data are considered in detail.
We introduced here a four-dimensional vector notation to indicate the state of occupancy of the two active sites of the cooperative unit. The first two positions of the vector specify the way in which a pair of ligands are bound to one catalytic site, and the second two positions refer to the occupancy of the second catalytic site. A comma is used to separate the pairs. Within each pair, the first position refers to the carbamyl phosphate site, and the second position refers to the aspartate site.
We designate carbamyl phosphate or its concentration by A, aspartate by B, phosphate by P, carbamyl aspartate by Q, and succinate by S. Whether we mean the ligand itself or its concentration will be clear from the context. If one of the four substrate binding sites on the cooperative unit is unoccupied, then a zero is assigned to its position in the vector. For example, (00, 00) denotes the free cooperative unit or its concentration, (A0, 00) denotes the state in which the cooperative unit with carbamyl phosphate is bound to one active site, and (PS, AO) denotes the state in which a phosphate-succinate complex occupies one active site, while the other contains a carbamyl phosphate molecule.
An additional complexity is introduced by the necessity of discussing states of the cooperative unit that differ only in their conformation. It seems plausible that the binding of aspartate to the state (AO, 00) results in the transitory state (AB, 00) followed by a change to the state (PQ, 00), from which product formation is possible. However, such changes do not alter the equations governing the initial velocity measurements, and hence, the states (AB, 00) and [AB, AB] do not have to be considered here.
The dead-end enzyme-succinate complex postulated in assumption g is denoted by (SO, 00) rather than (OS, 00) because Jacobson and Stark (15) suggest that this complex involves partial or complete binding of dicarboxylic acid at the carbamyl phosphate site. The analogous enzyme-aspartate complex, which would be denoted by (BO, 00), is neglected. Fig. 1 AO] is significantly greater than for (AO, 00), then it is clear that the initial velocity will become faster than in the absence of succinate. As the concentration of succinate increases, this enhancement effect disappears, because sufficient succinate is present to produce appreciable amounts of the state [AS, AS], a dead-end complex insofar as the production of product is concerned.
An interesting question left unanswered in the model is whether, in the state (PO, 00), the complementary active site is closed, as in the state (AO, 00). Without binding studies of ATCase with respect to phosphate, and for simplicity, we neglect the state (PO, PO) here. A similar ambiguity exists with regard to the production of the state (SO, SO), which is likewise neglected. We emphasize that, in either case, the states (AO, PO) and (AO, SO) are forbidden by assumptions c and d.
THEORY OF LIGAND BINDING
In the consideration of binding studies of carbamyl phosphate and succinate to ATCase in the absence of aspartate, it is necessary, as previously indicated, to consider only the subset of states of the model shown in Fig. 2 . We shall call this subset of subgraph, Facet I. The figure introduces rate constants associated with the various transitions between pairs of states. Application of the law of microscopic reversibility and the conservation law for total enzyme to the graph of Fig. 2 Here, the equilibrium constants are defined in terms of the rate constants of the graph as follows:
Ka, = a+1/a_1, Ka2 = a+2/a 2, Kc1 = c+l/c1, and Kc2 = c+2/c_2.
Since there is a closed loop in the model, microscopic reversibility also yields the loop relation (42) Kc Ks3 = Kc2Ks2. 
where SO and Ao are constants.
There are three relaxation times associated with the process governed by Eq. 5, obtainable as the roots of a cubic equation. At present, it is not worthwhile to go through the exercise of obtaining these roots, because the only data available are for the special case S = 0. In the latter case, the reaction represented by Eq. 5 
These equations provide two additional constraints reducing the degrees of freedom of the system, so that only two of the four relaxation times survive. If we further assume that the concentration of enzyme is small compared to the ligand concentrations, then these remaining relaxation times rT are given by 
The concentration dependence of the fast relaxation time detected by Hammes and Wu when S = 10 mM indicates that it corresponds to T of Eq. 11. A relaxation time of the right order of magnitude to correspond to r, was also seen, but its amplitude was too small to be quantitatively studied. As seen in Fig. 2 , the graph is composed of nine states and nine transitions among them, so that the spectrum of Facet I consists of nine relaxation times. However, seven of these are fast, as discussed above (three in conjunction with Eq. 5, and four in conjunction with Eq. 9). At large times, the transients associated with these relaxation times die down, and there are consequently seven constraints of equilibrium on the subsequent behavior of the model. These, together with the constraints provided by the conservation laws for carbamyl phosphate, succinate, and enzyme, imply that the system, asymptotically for large times, has only one degree of freedom. This degree of freedom arises from the slow interconversion of the X and Y conformations. An approximate expression for the reciprocal of this slow relaxation time, obtained by neglecting terms of order Eo, is given as 11r = (C+iKaIA + C+2KaiKs2AS)/(l + Ks1S + Ka1A + Ka,Ks2AS) + (C, + C-2Ks3S)/(1 + K53S[1 + Ka2A + Ka2Ks4AS). (13) This equation is derived in ref. 43 , where an explicit expression for the correction term of order Eo is also given.
COMPARISON OF FACET I WITH STUDIES OF LIGAND BINDING AND RELAXATION PROCESSES
In essence, four quantitative experiments on ligand binding to ATCase have been reported. Rosenbusch and Griffin (27) have measured the binding isotherms of carbamyl phosphate, ra, when the succinate concentration S is 0 and 5 mM. Changeux et al. (9) have reported values of r., and Hammes and Wu have measured I/r of the slow relaxation process when S = 10 mM and A is varied (28) , and again when A = 1 mM and S is varied (29) . These studies are represented theoretically in Eqs. 1, 2, and 13. However, before these equations were applied, it was necessary to make the following adjustments to the data. First, the same parameter values were assumed to apply to all the experiments, although they were carried out under somewhat different conditions of buffer, pH, and Fig. 3 shows the carbamyl phosphate binding data of Rosenbusch and Griffin at S = 5 mM, as well as the fit of Eq. I to these data. Although the data at S = 0 are not shown, the curve for this concentration given in Fig. 3 is the best fit to five experiments, as reported by these authors. The other curves in this figure are projections representing the carbamyl phosphate binding curves expected at intermediate and large succinate concentration levels, according to Eq. 1. As we see from the curve for S = 10 mM, the model predicts that carbamyl phosphate binding will show positive cooperativity at very large succinate concentrations.
The ordinate intercepts of the curves in Fig. 3 are given by the limiting expression lim (ralA) = 3KAI[l + KCl + Ks2(l + KC2)S]/(l + KsIS) (14) A-0
If there were no dead-end complex formed by the binding of succinate to ATCase, then Ks, = 0, and according to the above formula, the intercept for S = 5 mM would be significantly greater than the intercept for S = 0. However, the data for S = 0 and S = 5 mM indicate that the intercept actually decreases slightly with increasing S. This failure to increase is the major reason that assumption g (existence of a dead-end enzyme succinate complex) is necessary. Fig. 4 shows the succinate binding data of Changeux et al., together with the theoretical binding curves based on Eq. 2, from the parameter values in Table II . As explained earlier, the carbamyl phosphate concentration in this investigation was between 0.5 and 1.0 mM, and as is shown, the data points fall between the binding isotherms expected for these two concentrations. We note that the ordinate intercept of the curves increases with increasing A. Theoretically, this increase could continue indefinitely, and reflects the fact that succinate can't be released by ATCase from the state [AS, AO] to which it is driven in the presence of large concentrations of carbamyl phosphate. However, it is probable that at large carbamyl phosphate concentrations, secondary effects such as formation of the states (AA, 00) or [AS, AA], not considered in this model, become important. As the carbamyl phosphate concentration decreases, we see from the decrease in curvature of the curves in Fig. 4 that the degree of positive cooperativity gradually decreases, and that finally, as A approaches 0, the succinate binding curve actually indicates the existence of negative cooperativity. Fig. 5 shows the measurements of Hammes and Wu (28) good fit of the theory based on Eq. 13 to these data. The other curves in the figure indicate the predictions of the theory to similar experiments performed at other succinate concentrations. It should be kept in mind that Eq. 13 was derived on the assumption that the enzyme concentration is small compared to the carbamyl phosphate concentration. If this ratio is no longer small, whether because the enzyme concentration is increased or A is decreased, then the correction term to Eq. 13, given in ref. 43 , becomes applicable. In Fig. 6 the data of Hammes and Wu (29) for the reciprocal of the slow relaxation time when A = 1 mM and S is varied are shown. Also shown is the good fit of Eq. 13 to these data, as well as predictions of the theory when A is raised to 5 mM or lowered to 0.2 mM. The data in Fig. 6 show that as S approaches 0, the time required for equilibrium between the X and Y conformations becomes very short. According to the model, the reason for this is that at low S, the state [A0, 00] represents an appreciable fraction of the molecules in the Y state. The transition between the states [A0, 00] and (A0, 00) is rapid (see values of c+l and c,I in Table II) , and T approaches the relaxation time for this transition.
A consequence of this faster achievement of equilibrium at low S is that assumption e and in particular the assumed slow rate of interconversion which underlies Eq. 13 may begin to break down. Nonetheless, it is remarkable that no other relaxation processes were observed in these experiments, even at small succinate concentrations. Thus, on a purely empirical basis, it seems that there is only one degree of freedom in this system, so that assumption e, or some slightly modified version of it, continues to hold. Hence, it is not necessary to invoke the various additional relaxation times that might arise in this limit until observations reveal the behavior of ATCase there.
As discussed previously, Hammes and Wu (28) have detected a fast relaxation process associated with the simple bimolecular binding of the first carbamyl phosphate molecule, with the reciprocal relaxation time given by Eq. 8. From the value of the binding constant Kai that we have found for this process, which fixes the ratio of a+, to a-,, and the slope and intercept of the Hammes-Wu plot of I/T versus [A+ (00, 00)], we infer the estimates of a+, and a, shown in Table III . It is true that a+, and a_, can be evaluated on the basis of the relaxation data alone, as was done by Hammes and Wu, but the uncertainties in these parameters obtained in this way are greater than if Ka. = a+1/a1 is assumed to be known on the basis of the binding data, which consistency requires in any case. Similarly, the values of Ka2, K,3 and Ks4 from Table II were utilized in fitting the Hammes-Wu data relating the fast relaxation time r_, associated with the negative square root in Eq. 11, to A when S = 10 mM. The estimates of a+2, a-2, 1+ 11, and (S+4/S4) obtained by this procedure are given in Table III . Fig. 7 displays the fit that these parameter values afford these data, and shows the predictions of Eq. I1 for the outcome of a similar experiment performed at 1-mM succinate. We note that the parameters in Table III also provide the basis for quantitative prediction of the value of rT, although we do not explicitly present such predictions.
THEORY OF INITIAL VELOCITY OF ATCASE
In the absence of succinate, the graph of the model of Fig. 1 reduces to the subgraph shown in Fig. 8 
whereJ, q,1/a_,, J2 q 2/da2, Kz (e+2/1-2)(q_I + b_,)/b_,, Kbl b+1/(b,I
+ q-1), Kb3 b+3/(b-3 + q-2), Ka2 -+2/a-2. Here, b+2 has been eliminated by the loop relation c 2b_Ic+Ib+j = e+2b-2C&,b+,.
The rate constants appearing in these equations are defined in Fig. 8 (17) . As a consequence, any attempt to determine all the parameters involved only on the basis of 1, and this equivalence makes the term in curly brackets a common factor of the probability weights appearing in Eqs. (17) . Hence this factor cancels itself in Eq. (15), and simplifies the fitting procedure to the initial velocity data. In fact, it is easy to see that a number of other limits lead to the same algebraic cancellation, for example, if the transition between the states (PQ, 00) and [AB,00] is forbidden, so that c+2 = c-2 = 0. In addition, we assume 6-2 = a-2, and choose for it and a-, the values given in Table III . Similarly, we fix Kai and Kc, as given in Table II , according to the binding studies.
With the above constraints, the initial velocity v, given by Eq. 15, is expressible in terms of the six parameters listed in Table IV . Their values, also shown in Table IV, Kirschner and Schachman (41) (.) at A = 2 mM. All these experiments were carried out in 50 mM acetate buffer, at pH 7 and at 30°C.
were determined by simultaneously fitting all the initial velocity data shown in Fig. 9 , with the least square criterion and the algorithm of Bevington (44) . The experiments described by the Scatchard plots of Fig. 9 were performed at two different concentrations of carbamyl phosphate, although all other conditions and techniques were identical. The data at 4 mM carbamyl phosphate are from Yang et al. (19) and Gibbons et al. (40) . The agreement between these two studies permits greater confidence in them. The data of Kirschner and Schachman (41) were obtained at a carbamyl phosphate concentration of 2 mM.2 These data show clearly that the curvatures of the Scatchard curves increase with increasing carbamyl phosphate concentration, while the intercepts of the curves with the ordinate axis, and most likely with the abscissa axis, do not significantly change with changing carbamyl phosphate concentration. These properties are clearly simulated by the theoretical curves, and yield strong support for the hypotheses underlying the model. For example, if product formation were permitted from the state [AB, AO], then the ordinate intercept would increase with increasing A.
CONCLUSIONS
In the past, theoretical attempts to understand the kinetic behavior of ATCase have been limited to one or at most a small number of phenomena associated with the enzyme, for example, relaxation studies, binding studies, nucleotide studies, etc. Clearly, a long-range goal of such attempts is a single model that would comprehend all such studies. In view of the known complexity of structure and the number of active sites of ATCase, the attainment of this goal is beset by many obstacles. We have presented a model that we consider to be a reasonable first step in achieving this objective. We attempt only to make consistent the presently known results of binding, relaxation, and initial velocity studies of ATCase, in the absence of nucleotides. Also, we have not explicitly considered studies of ATCase in the simultaneous presence of carbamyl phosphate, aspartate, and its analogue succinate, although we have suggested how the model is extended so as to represent such studies.
The successful representation of the data by the theory, as presented herein, suggests that the underlying assumptions of the model are correct. The principal conceptions supported are first, ATCase consists of three noninteracting cooperative dimers; second, ligand binding to the enzyme is highly ordered, so that a great many bound states formally conceivable do not in fact occur; third, both sequential conformational changes, as suggested by Koshland et al. (45) , and concerted conformational changes, as suggested by Monod et al. (38) , are needed to account for the behavior of ATCase.
According to the theory, a single slow concerted conformational change is all that is required to understand the relaxation spectrum of ATCase. In this sense, it resembles the theory of (46) , who show that the binding curve for carbamyl phosphate when S = 10 mM is indeed positively cooperative as predicted by the theoretical curve of Fig. 3 . In addition, they have demonstrated that succinate binding when the carbamyl phosphate concentration is zero is negatively cooperative, as anticipated by the theoretical curve of Fig. 4 . Other data obtained for succinate binding when A = 4 mM and for carbamyl phosphate binding at S = 0 are quantitatively inconsistent with the data of Changeux et al. (9) and Rosenbusch and Griffin (27) , respectively. However, these differences, as the authors point out, may be due to artifacts associated with the novel filtration assay utilized in their studies. Their data on carbamyl phosphate binding at S = 0 also indicate that it is now necessary to invoke the existence of the states (AA, 00) and/or [AO, AO] to explain the three low-affinity carbamyl phosphate binding sites seen in the absence of succinate, which were previously undetected. Furthermore, a complex similar to (AA, 00) involving binding of carbamyl phosphate at the aspartate site has been previously invoked by Porter et al. (12) , to help understand initial velocity studies of the catalytic subunit. As explained under Comparison of Facet I with Studies of Ligand Binding and Relaxation Processes, the existence of these states would also affect the predictions for succinate binding at high carbamyl phosphate.
